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Exogenous neuropeptide Y (NPY) reduces experimental anxiety in 
a wide range of animal models . The .generation of an NPY- 
tFansgenic rat has provided a unique model to examine the role of 
endogenous NPY in control of stress and anxiety- related behaviors 
using paradigms previously used by pharmacological studies. Lo- 
comotor activity and baseline behavior on the elevated plus maze 
were normal in transgenic subjects. Two robust phenotypic traits 
were observed. (/) Transgenic subjects showed a markedly atten- 
uated sensitivity to behavioral consequences of stress, in that they 
were insensitive to the normal anxiogenic-like effect of restraint 
stress on the elevated plus maze and displayed absent fear sup- 
pression of behavior in a punished drinking test. (//) A selective 
impairment of spatial memory acquisition was found in the Morris 
water maze. Control experiments suggest these traits to be inde- 
pendent. These phenotypic traits were accompanied by an over- 
expression of prepro-NPY mRNA and NPY peptide and decreased 
NPY-Y1 binding within the hippocampus, a brain structure impli- 
cated both in memory processing and stress responses. Data 
obtained using this unique model support and extend a previously 
postulated anti-stress action of NPY and provide novel evidence for 
a role of NPY in learning and memory. 

anxiety | amygdala 

Neuropeptide Y (NPY) (1) is highly expressed in the mam- 
malian brain. Its pharmacological administration into the 
central nervous system reduces experimental anxiety in a wide 
range of animal models (2-5), but its involvement in memory 
function is less clear. NPY receptors cloned to date all belong to 
the superfamily of G protein-coupled receptors but differ in 
their ligand affinity profiles. The NPY-Yl receptor (6-8) re- 
quires the intact NPY sequence for recognition and activation, 
and seems to be the subtype mediating anti-anxiety actions of 
NPY (3-5, 9, 10). The Y2 receptor subtype is also activated by 
C-terminal fragments of NPY, such as NPY13.36 (11). The 
highest number of NPY-binding sites, predominantly of the Y2 
subtype, is found within the hippocampus. Activation of Y2 
receptors within this structure has been shown to suppress 
hippocampal glutamatergic transmission through presynaptic 
mechanisms (12, 13), but the behavioral consequences of Y2 
signaling in this area are unclear. 

Jn agreement with anti-stress effects observed following cen- 
tral administration of NPY, a role for endogenous NPY in 
control of stress and anxiety-related behaviors is suggested by 
several findings. Acute physical restraint, which promotes ex- 
perimental anxiety (14), suppresses NPY mRNA and peptide 
levels within the amygdala and cortex. In contrast, repeated 
exposure to the same stressor once daily for 10 days leads to a 
complete behavioral and endocrine habituation, accompanied 
by an up-regulation of amygdala NPY expression (15). We have 
therefore proposed that an up-regulation of NPY expression 



may contribute to the behavioral adaptation to stress. This 
extends a-hypothesis that NPY may act'to "buffer" behavioral 
effects of stress-promoting signals (16). 

The postulated hypothesis predicts that an up-regulated ex- 
pression of NPY might render a subject less sensitive to anxiety- 
promoting effects of stress. Transgenic NPY overexpression 
would offer an attractive system to test such a hypothesis but has 
until now only been available in mice (17). Because of species 
differences, a direct comparison with previously described ef- 
fects of exogenous NPY on anxiety-related behaviors has not 
been possible. The generation of an NPY-transgenic rat has 
offered an attractive model for these studies. This model is 
unconventional in several respects, which may make it advan- 
tageous. First, this choice of species allows for a direct compar- 
ison with functional effects previously observed with exogenous 
NPY administration. Second, the construct used in generating 
these animals, a 14.5-kb fragment of the rat NPY genomic 
sequence, contains the normal intronic sequence elements and 
is flanked by an approximate 5-kb 5' sequence thought to 
contain the major regulatory elements normally controlling 
NPY expression (18). The expression of this transgene may thus 
be regulated in a manner similar to that of endogenous NPY. 

In the present study, we characterized the behavioral pheno- 
type of rats carrying five copies of this transgene. To assess motor 
performance and exploratory motivation, locomotor activity was 
determined in a novel environment. Because of recent findings 
indicating an inverse relation between NPY expression and 
ethanol preference (17), voluntary ethanol consumption was 
examined using a two-bottle free-choice procedure. To address 
the anti-stress hypothesis outlined above, a previously described 
protocol (14, 15) was used to study experimental anxiety on the 
elevated plus maze both under baseline conditions and following 
restraint stress. In addition, experimental anxiety was studied in 
a conflict test that is stressful in itself, the punished drinking test. 
Finally, spatial learning was assessed in the Morris water maze 
(19). In search for possible anatomical substrates of the observed 
phenotype, prepro-NPY expression, as well as NPY-Yl and -Y2 
receptor binding, was mapped in NPY-transgene (tg) and wild- 
type control subjects. 

Materials and Methods 

Subjects and Design. The generation of the NPY transgenic rats 
has been described in detail elsewhere (20). A 14.5-kbp lambda 
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Fig. 1. (A) Restriction map of the NPY gene locus and the transgene used to 
generate the transgenic lines. The NPY transgene contains -^-S kb 5' and -^1 kb 
3' of the natural rat NPY gene. (B) Transgenic founders and progeny were 
identified by Southern blot analysis of tail DNA. Digestion with fcoRI (defined 
as "E" in A) results in the detection of a 13-kb endogenous fragment and, in 
transgenic subjects (+), a 10-kb transgene fragment upon hybridization with 
a 0.95-kbp probe spanning bp 377 to 1348 of the rat NPY sequence. Based on 
intensity measures, five copies of the transgene are incorporated in the 400 
tine used in the behavioral experiments. 



clone (18) containing the entire rat NPY gene (Fig. L4) was 
subcloned after the addition of a polylinker with Nod and EcoRl 
restriction sites. Correct sequences of this pJasmid were con- 
firmed by restriction mapping, PGR amplification, and partial 
sequencing. The NPY transgene containing ^5 kb 5' and ^1 kb 
3' of the natural rat NPY gene was released from the plasmid as 
a 14.5-kb digest, and purified linear DNA was injected into 
the pronuclei of fertilized Sprague-Dawley rat eggs (Hilltop Lab 
Animals, Scottsdale, PA). Transgenic founders and progeny 
were identified by Southern analysis of tail DNA digested with 
EcoRl and hybridized to a 0.95-kbp probe (bp 377-1348 of rat 
NPY, GenBank M15792, amplified by PGR and labeled for 
chemiluminescence). 

Founders (Fq) were mated with Sprague-Dawley females. 
Mendelian inheritance rates (50.5%, n - 109) of the transgene 
were observed at this stage, indicating normal survival of 
transgenic subjects during embryogenesis. The offspring (F,) 
was bred into the same Sprague-Dawley background. Male 
subjects of line 400 hemizygous for the NPY-tg and wild-type" 
httermate controls were used, the former carrying five copies of 
the NPY transgene as shown by Southern blotting (Fig. IB). 

NPY-tg subjects appeared normal and healthy, normal growth 
rates were observed, and no decrease in lifespan was found. 
Startle, orienting, and righting reflexes were normal. Subjects 
aged 17-24 weeks, weighing 325-375 g at the start of experi- 
ments, were used. Separate groups were used for each of the 
following experiments. Group 1: locomotor activity, followed 7 
days later by plus maze test under baseline conditions; followed 
8 days later by plus maze preceded by restraint stress; followed 
2 weeks later by the punished drinking test; followed 3 weeks 
later by shock threshold titration; followed by a 3-week recovery, 
after which six subjects of each genotype were randomly taken 
for prepro-NPY in situ analysis. Group 2: Morris water maze, 
followed by a 2-week recovery, followed by the voluntary ethanol 



consumption procedure. Group 3: Peptide RIA. Group 4: 
NPY-Yl and -Y2 quantitative autoradiography. The n for each 
experiment is given in Results. Animals (3-4 per cage, 12 h 
light/dark cycle, lights on at 7a.m., food and water ad libitum 
except when water deprived for punished drinking) were used 
according to the ethical guidelines of the Swedish Medical 
Research Council and under Ethical Permits S81-85 /98. 

Locomotion. Infrared locomotor cages were used (20 X 38 X 16 
cm; eight beams for horizontal and vertical movements, respec- 
tively; interbeam distance 8 cm horizontally and 6 cm vertically), 
and activity was recorded for 60 min in 10-min intervals 
(MedAssociates, St. Albans, VT). 

Ethanol Two-Bottle Free Choice Procedure. The two-bottle free 
choice procedure was as previously described (14). 

Elevated Plus Maze. The elevated plus maze is a pharmacologically 
vaiidated model of anxiety (21-23). Here, it was used as de- 
scribed previously (14). Baseline testing was followed by a 10-day 
recovery, and retesting was 1 h following the completion of the 
restraint stress. Restraint stress was for 1 h in a Plexiglas tube, 
and plus maze testing was performed 1 h following the end of the 
restraint period. Using this procedure, we have previously shown 
that basal plus maze behavior is stable between session and 
sensitive to restraint stress (14). Venous tail blood for cortico- 
sterone analysis was obtained immediately following the inser- 
tion of the subject into the restraint tube (baseline) and imme- 
diately before removing the subject from the restrainer (stress). 

Corticosterone Analysis. Corticosterone was determined using a 
solid-phase RIA according to the manufacturer's instruction 
(Coat-A-Count; Diagnostic Products Corporation). Serum was 
obtained from venous tail blood by centrifugation and stored at 
-20°C until assayed. Duplicate 5Q-fx\ samples were analyzed. 

Punished Drinking Test. A modified Vogel's conflict procedure was 
used as described (14). Unpunished drinking was measured for 
4 min before the onset of an 8-min punished drinking period, 
yielding an internal control for effects on drinking motivation 
and performance. To control for effects on nociception, shock 
thresholds were measured in separate sessions by placing each 
subject in the operant chamber and manually increasing the 
current through the grid floor until the animal displayed a 
reaction Qump, jerk, or similar) to the stimulus, as judged by an 
observer blind to treatment and shock level applied. 

Morris Water Maze. Training and testing in the Morris water Maze 
were carried out as described (24). Animals were trained to find 
a platform hidden under the water surface from four different 
starting positions. The accumulative latency time was calculated 
and used as a measure of learning. Training was for four 
consecutive days. Retention and performance were measured at 
7 and 8 days posttraining using only one starting point. 

lit Situ Hybridization, fn situ hybridization for prepro-NPY and 
NPY receptors was as previously described (25). Coronal cryo- 
sections (12 ^m) were fixed, dehydrated, dried, and stored at 
-70''C until use. Labeled riboprobe was added at 20 x 10-^ 
cpm/^1, and 0.1 ml of the solution was applied to each slide. 
Hybridization was at 55°C over night in a humidified chamber. 
Sections were washed, dehydrated, dried, and exposed to hy- 
perfilm in the presence of radioactive standards. Total number 
of cells, number of labeled cells, and number of grains of each 
labeled cell were automatically determined from a digitized 
image using the Leica Q-Win program. Six measurements per 
hemisphere and a minimum of two sections per subject were 
measured for each brain region. Neurons were defined as having 
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Fig. 2. Plus maze behavior (mean ± SEM for the respective parameter) of 
wild-typ e controls ( left) and N P Y-transgenic sub j ects (right). Animals were 
exposed to the plus maze twice, once during baseline conditions (solid bars) 
and once more 10 days later. 1 h following the completion of a 1-h restraint 
period (hatched bars). There was no genotype difference at baseline. A highly 
significant anxiogentc effect of the restraint was seen in the wild-type controls 
(% open time, P = 0.005; % open entries, P - 0.002) but was absent in the 
transgenic animals (% open time, P = 0.92; % open entries. P = 0.60. For 
detailed statistics, see Results. 



light cresyl violet staining and NPY-positive cells as those having 
concentrated overlying silver grains. 

NPY RIA. A 1.0-mm microcurette was used to obtain hippocampal 
tissue samples from consecutive 300-/xm cryosections taken at 
approximately 2.60-3.60 mm posterior to bregma. RIA was 
carried out as described (26). Results are given as ng/mg 
supernatant protein. Resulting data did not fulfill criteria of 
homogeneity of variances, and nonparametric analysis was there- 
fore used. 

Quantitative Receptor Autoradiography. Quantitative receptor au- 
toradiography for NPY-receptor subtypes Yl and Y2 was per- 
formed as previously described (27, 28). Briefly, brains were 
rapidly frozen. Coronal cryosections (20 ^m) were mounted on 
slides, dried, and stored at -80°C until use. Sections were 
preincubated in Krebs-Ringer phosphate and then incubated in 
fresh Krebs-Ringer phosphate containing 0.1% BSA and 25 pM 
of either [^25i]gr231118, in the presence and absence of 100 nM 
BIBO3304, or ['^^I]PYY3_36, in the presence and absence of 100 
nM BI1E0246. Following a 1-h incubation for [i^J]GR231118 
and 2.5-h incubation for [^"I]PYY3_36, sections were washed, 
desalted, and dried. Nonspecific binding was determined using 
100 nM GR231118 for [^25I]gr231118 and 1 fjiM PYY for 
[^25l]PYY3_36. Sections were apposed against -''H hyperfilms for 
4 days alongside radioactive standards. Yl sites were determined 
as [^25i]Qj^231118 binding sensitive to the Yl antagonist 
B1BO3304 and Y2 sites as [^^sijPYYa-a^ binding sensitive to the 
Y2 antagonist B11E0246. 

Statistics. For all data that followed criteria of parametric tests, 
analysis of variance was used and followed, when appropriate, by 
Tukey honest significant difference post hoc test. For data with 
nonhomogeneous variances, Mann-Whitney u test was used. 

Results 

Unless otherwise indicated, means ± SEM are given. No geno- 
type differences or trends for differences were observed in body 
weight, exploratory locomotor activity, habituation to novelty, or 
ethanol consumption (data not shown). 
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Fig. 3. .Unpunished and punished drinking behavior-irs wild-type and NPN^^^ 
subjects (mean ± SEM). Unpunished drinking was identical in both genotypes. 
Markedly elevated punished drinking wasfound in presence of 0.1 6-mA shock 
in NPY-tg rats {open bars) vs. wild-type littermate controls (solid bars, P = 
0.009; for detailed statistics, see Results). 



Elevated Plus Maze (Fig. 2). Percentage open arm time. A significant 
overall effect of the stressor [n = 9-13; F(l,38) = 4,69; P = 0.04] 
and a trend-level significant overall effect of genotype were 
found on this measure IF(1,38) = 3.72; P = 0.06]. A highly 
significant stress x genotype interaction term [F(l,38) = 9.33; 
P = 0.004] suggested stress to differentially affect the two 
genotypes. Accordingly, a highly significant effect of the stressor 
was seen within the wild-type group (P = 0.005) but was entirely 
absent within the NPY-tg group (P = 0.92). The two groups did 
not differ at baseline (P = 0.83) but did so following stress 
exposure (P = 0.01). 

Percentage open arm entries. A significant overall effect of the 
stressor fF(l,38) = 8.13; P = 0.007] and a trend-levei significant 
overall genotype effect were also seen here [F(l,38) = 3.85; P = 
0.06]. Again, a highly significant interaction term [F(l,38) = 
13.79; P = 0.0001] suggested that stress differentially affected the 
two genotypes. A highly significant stress effect was seen within 
the wild-type group (P = 0.002), but not in NPY-tg subjects 
(P - 0.60). The two groups did not differ at the baseline session 
(P = 0.91), but did so to a highly significant degree following 
stress exposure {P ~ 0.0007). 

Total entries (measure of activity). No effects on this measure 
were detected [wild-type baseline, 13.4 ± 1.0; stress, 10.9 ±11- 
NPY-tg baseline, 11.9 ± 1.1; restraint stress, 12.9 ± 1.6; overall 
stress effect, F(l,38) = 0.38; P = 0.54; overall genotype effect, 
F(l,38) - 0.052; P = 0.82; specific comparisons: wild-type at 
baseline vs. stress, P = 0.51; NPY-tg at baseline vs. stress, P = 
0.94; baseline wild-type vs. NPY-tg, P = 0.81; stress wild-type vs. 
NPY-tg, P = 0.71]. 

Corticosterone. Restraint stress produced a robust overall in- 
crease in serum levels of corticosterone [n = 8-13; stress-effect 
F(l,39) = 250; P < <0.0001] in the absence of an overall 
genotype effect [F(l,39) - 0.04; P = 0.85). The stress effect was 
present in both groups [ng/ml; wild-type, baseline vs. stress, 
118.5 ± 19.0 vs. 447.1 ± 18.i; F = 0.0002; NPY-tg, baseline vs 
stress, 101.1 ± 20.3 vs. 429.6 ± 26.1; P - 0.0002), whereas no 
genotype effect was present under either condition (baseline 
wild-type vs. NPY-tg, P = 0.94; stress wild-type vs. NPY-te' 
P = 0.93). ^' 

Punished Drinking Test and Shock Thresholds (Fig. 3). A markedly 
higher number of punished drinking episodes, and thus shocks 
accepted, was found in NPY-tg subjects. Unpunished drinking 
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Fig. 4. (A) Markedly attenuated decline of latency to find the platform in 
NPY-tg subjects (overall genotype effect, P = 0.002). The groups did not differ 
at outset but did so on each of individual test days 2-4 (P = 0.66, 0.002, 0.0002. 
and 0.004 for days 1-4, respectively; for detailed statistics, see Results), (fi) 
Memory retention (left) 7 days after the last acquisition session, measured as 
the latency to cross the former platform position from one starting position, 
was equally impaired in NPY-tg subjects {P = 0.012). Performance (right), 
measured as the time to find the platform when visible above fluid surface, 
was not affected by genotype (detailed statistics, see Results). 



did not differ between the groups [n = 12-13; unpunished 
responding, F(l,24) = 0.065, P = 0.80, wild-type controls vs. 
NPY- transgenic subjects; punished responding, F(l,24) == 8.11, 
P = 0.009], No difference in shock thresholds was found (P = 
0.59, Mann-Whitney u test). 

Morris Water Maze (Fig. 4). Over 4 days of training, latency to reach 
the platform decreased in wild-type controls and NPY-tg sub- 
jects, but markedly less so in NPY-tg subjects. At the end of 
training, the latency of NPY-tg subjects to find the platform was 
approximately double that of controls [n = 8-10; genotype 
effect, F(l,16) = 22.1; P = 0.0002]. The groups did not differ at 
outset but did so on each of individual test days 2-4 {P - 0.66, 
0.002, 0.0002, and 0.004 for days 1-4, respectively). Escape 
latency of NPY-tg subjects was equally impaired when retested 
7 days following the last training session [F(l,16) = 8.10; P - 
0.012]. In contrast, the latency to reach the platform when made 
visible over the water surface did not differ between groups. 

NPY Expression (Fig. 5). Densitometric analysis of in situ hybrid- 
ization for prepro-NPY was carried out in cingulate and retro- 
splenial cortex, caudate/putamen, nucleus accumbens, hip- 
pocampal CA 1-2 and CA3 regions, paraventricular nucleus of 
the hypothalamus, arcuate nucleus, medial amygdala, and baso- 
lateral amygdala. Using this methodology, no differences in 
overall anatomical distribution of NPY expression were ob- 
served between NPY-tg and wild-type subjects. Overexpression 
of prepro-NPY was indicated within hippocampal subfields 
CAl-2 [nCi/g, n = 6; 136,50 ± 2.6 vs. 154.49 ± 6.7; F(l,ll) - 
6.21; P - 0.03]. Subsequent quantitative image analysis of this 
area at a cellular level revealed the number of cells expressing 
NPY to be more than doubled (18.9 ± 2.4 vs. 9.0 ± 0.9; F(l,l 1) = 
14.76; P = 0.003). This was paralleled by elevated NPY peptide 
levels in micropunches of this area, measured using a sensitive 
and specific RIA [ng/mg; n = 17-18; median (interquartile 
range), 1.9 (1.5-2.5) vs. 2.8 (1.9-3.2); Mann-Whitney u test; 
P - 0.03]. 



Quantitative Receptor Autoradiography for NPY-Y1 and -Y2 Receptors 
(Fig. 6). A marked decrease in binding sites for the Yl receptor 
was found within the CAl, CA2, and dentate gyrus subfields of 
the hippocampus [n = 4; group effect F(l,6) = 81.7; P = 0.0001, 
P < 0.001 for wild-type vs. NPY-tg within CAl, CA2, and 
dentate gyrus, nonsignificant within CA3]. Y2-type binding was 
unaffected by the genotype. 

Discussion 

We report here robust phenotypic traits in NPY-tg rats, sug- 
gesting a behavioral insensitivity to stress and fear. These traits 
were observed in the absence of genotype effects on locomotor 
activity, unpunished drinking, or shock thresholds, and appear 
therefore to be highly specific. In addition, an impairment of 
spatial memory acquisition was suggested in the Morris water 
maze by a markedly smaller decline of latency to reach the 
hidden platform over 4 days of training. This memory effect also 
appears to be specific, as NPY-tg subjects reached the platform 
with'latencies identical to controls when the platform was made 
visible in a control trial, A deficit to reach the former platform 
position was also present on retesting 7 days posttraining. Conclu- 
sions regarding possible additional effects on memory retention 
may, however, not be warranted, considering that little learning 
seems to have occurred in the NPY-tg subjects to begin with. 

Effects on stress and memory might reciprocally affect each 
other. The motivation to complete the task in the Morris water 
maze is largely aversive, and altered sensitivity to stress might 
therefore affect outcome in this model. However, normal escape 
latencies were found in NPY-tg subjects under visible platform 
conditions, demonstrating that neither the motivation nor the 
ability to find the platform was affected by the transgene. 
Conversely, impaired learning and memory might affect tests of 
emotionality. Indeed, learning ability correlates with behavior in 
conditioned fear models (29). However, neither the elevated plus 
maze nor our punished drinking procedure relies on condition- 
ing, and it has previously been demonstrated that learning and 
memory deficits per se, such as observed during aging (30) or 
following treatment with amnestic drugs, such as the noncom- 
petitive A^-methyl-D-aspartate (NMDA)-receptor antagonist 
MK-801 or the muscarinic cholinergic antagonist scopolamine 
(31), are not sufficient to produce anxiolytic-like behavior in this 
type of model. Based on this dissociation, we believe it unlikely 
that the anti-stress effects observed in NPY-tg subjects might be 
accounted for by effects on learning and memory. 

Different anxiety disorders exist clinically, and experimental 
models of anxiety have been postulated to differentially reflect 
these (32, 33). However, exogenous administration of NPY 
produces anti-anxiety actions in all models tested, including 
ethologically derived paradigms, such as the elevated plus maze 
(2, 4) and the social interaction test (5); models based on fear 
suppression of behavior, including nonoperant punished drink- 
ing (2), and an operant, food- re info reed paradigm (3, 34), as well 
as fear potentiated startle (4). In addition, centrally administered 
NPY protects against stress-induced gastric erosions (35). Thus, 
exogenous NPY seems to counteract stress and fear responses 
independently of the model chosen and may therefore be acting 
upon a core mechanism common to these models. 

Based on these observations, we have proposed that endog- 
enous NPY may be expressed and released in the brain as a part 
of an integrated response to threats and stressors. Such an 
opposing process organization would serve to adequately ter- 
minate behavioral stress responses following their initiation by 
other mediators and protect against adverse consequences that 
might result upon extensive activation (16). Central administra- 
tion of NPY-Yl receptor targeting antisense oligonucleotides (9) 
or a receptor antagonist (36) supports such an anti-stress role for 
endogenous NPY. Also, in agreement with this model, an 
up-regulated NPY expression has been found within the amyg- 
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Fig. 5. Coronal sections of two representative subjects at the level of the hippocampus (approximately 2.8 mm posterior to bregma; left, control; right, NPY-tg) 
Densitometry indicated overexpresslon of prepro-NPY mRNA in hippocampal fields CA1 and CA2 {P - 0.03). (B) Detailed analysis of emulsion-dipped sections 
revealed approximately a doubling in the number of NPY-positive cells in this area {P = 0.003; for detailed statistics, see Results). 



dala in conjunction with behavioral and endocrine habituation to 
stress (15). These findings provide additional support for a 
"stress-buffering'* action of NPY within the central nervous 
system. 

In addition, expression of NPY in the adrenal medulla is 
regulated by stress, and its up-regulation might contribute to 
behavioral effects by modifying the salience of a stressor and/or 
through feedback actions on the brain (37). One possibility for 
this would be through described paracrine effects on the adrenal 




CA1 CA2 CA3 DG 



Fig. 6. Quantitative receptor autoradiography demonstrated a marked 
down-regulation of Yl -binding (("5|]gr2311 18 binding sites sensitive to 
BIBO3304) within CAT. CA2, and dentate gyrus (OG); P = 0.0001 for wild-type 
vs. NPY-tg within CA1, CA2, and dentate gyrus, nonsignificant within CA3. Y2 
binding (("5|]pyy3-36 labeling sensitive to BIIE0246) did not differ. 



cortex. However, such a mechanism, or actions at other levels of 
the hypothalamic-pituitary-adrenal axis, is made unlikely by 
normal corticosterone levels found in NPY-tg subjects both at 
baseline and following a stress challenge. These results are 
consistent with previous studies that have shown thai behavioral 
and endocrine stress responses can be dissociated (38). 

To date, studies of transgenic NPY overexpression have only 
been feasible in mice (17). Whereas homologous recombination 
knockout studies have been consistent with an anti-anxiety role 
for NPY (39), data on effects of overexpression in this behavioral 
dimension have been lacking. Furthermore, experiments in mice 
prevent a direct comparison with previous results obtained with 
NPY in relation to stress and anxiety, which have all been carried 
out in rats. Some of the paradigms used for this purpose are not 
readily adapted to mice, and additional issues of genetic back- 
ground can further complicate behavioral studies in this spe- 
cies (40). 

The generation of an NPY- transgenic rat has enabled us to 
circumvent some of these complications and has made it possible 
to probe the role of NPY in stress /fear-related behaviors using 
some of the well established animal models used previously. The 
results are consistent with previous observations. The marked 
release of punished responding found in the present study 
directly parallels previous observations with central NPY ad- 
ministration (2). On the elevated plus maze, centrally injected 
NPY has been reported to produce anxiolytic-like effects (2), 
whereas in the present study, the same effect was found in 
NPY-tg subjects if the test session was preceded by a stressor. 
The requirement for pretest stress exposure, or a model which 
in itself is stressful, is likely to reflect that neuronal activation is 
needed for endogenous NPY release, but not for effects of 
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exogenous NPY. In addition to an anti-stress effect of the NPY 
transgene, a learning deficit was detected. 

Anatomical mapping indicates a restricted but highly significant 
hippocampal NPY overexpression in NPY-tg subjects. A correlate 
of this finding is a profound down-regulation of NPY-Yl receptors, 
presumably a compensatory effect. Hippocampal glutamatergic 
transmission is crucial for spatial learning (41). In vitro studies have 
shown that NPY within the hippocampal formation acts mainly at 
presynaptic Y2 sites to reduce presynaptic Ca^"^ entry, inhibit 
glutamatergic transmission, and suppress the formation of long- 
term potentiation (13, 42, 43). Our finding of memory impairment 
in NPY-tg subjects is therefore in agreement with these in vitro data 
and may be attributable to an enhanced Y2-mediated inhibition 
of excitatory synaptic activity. Interestingly, both at the level of 
hippocampal neurotransmission and of integrated memory 
function, the effects of NPY are similar to those observed when 
hippocampal glutamate release is inhibited by benzodiazepines or 
ethanol (44). 

In contrast, previous studies liave pointed to the amygdalia as 
a structure mediating anti-anxiety effects of exogenous NPY (3), 
and no NPY overexpression was found in this structure in our 
study (5). However, the dorsal hippocampus is in fact an 
important component of neuronal circuitry controlling anxiety- 
related behaviors and stress responses (45, 46). Intrahippocam- 
pal administration of a metabotropic glutamate receptor antag- 
onist, which is likely to mimic aspects of NPY-induced inhibition 
of hippocampal glutamatergic transmission, is anxiolytic in the 
type of model used in our study (47). The overexpression of NPY 
found within this area might therefore independently lead to 
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anti-stress/ anti-anxiety effects observed in our present study. In 
addition, it is possible that overexpression of NPY within the 
amygdala might be recruited in NPY-tg subjects following stress 
exposure. 

In summary, the NPY-tg rat studied here seems to offer a unique 
model for studies of NPY mediated control of stress- and fear- 
related behaviors. Using this model, we present data that provide 
additional support for an important role of central NPY in adaptive 
responses to threats and stress and provide novel evidence for a role 
of NPY in learning and memory. In contrast, two other established 
effects of NPY, feeding and control of ethanol intake, were not 
detected, presumably because overexpression of our model is 
limited to areas outside those controlling these behaviors. Inter- 
estingly, in conjunction with previously reported anti-convulsant 
effects (48), the emerging effect profile of NPY seems to be highly 
similar to that of established anti-anxiety compounds, such as the 
benzodiazepines. If anti-anxiety and cognitive effects of NPY can 
be dissociated on the basis of the receptor subtypes mediating them, 
the NPY s^fem may offer an aftracTive target for drug development 
in both areas. 
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